Hydrogen permeation behavior in carbon steel exposed to gaseous hydrogen was visualized using a hydrogen microprint technique (HMT). Effects of hydrogen gas pressure and charging time on the hydrogen permeation were particularly examined. The amount of permeated hydrogen was dependent on the charging time during the exposure to gaseous hydrogen. It was found that silver particles, which represented the evolution site of hydrogen atoms, were distributed almost uniformly in the matrix after hydrogen gas charging. These particles were arranged at the periphery of the second phase particles such as Al 2 O 3 . Area density of the silver particles clearly increased when the time for hydrogen gas charging was increased. Preferential accumulation of silver particles around Al 2 O 3 particles was clearly identified; however, no silver particles were observed directly on the Al 2 O 3 particles. This indicated that hydrogen atoms were diffused not through the inside of the second phase particles but through the interface between the second phase particles and the matrix phase.
Introduction
It is well known that hydrogen has a deleterious effect on the mechanical properties of many materials such as carbon steels, [1] [2] [3] [4] [5] stainless steels, [6] [7] [8] [9] and aluminum alloys. [10] [11] [12] Among these materials, ferritic and martensitic steels with high strength are more susceptible to hydrogen embrittlement because of the high diffusivity of hydrogen in the lattice structures. Recently, a number of systems using hydrogen gas with high-pressure as a source of new energy have been developed in the industries. In the case of the materials used for such industrial applications, it is important to clarify the interaction between hydrogen gas and steels. When the steels are exposed to a hydrogen gas atmosphere, hydrogen atoms permeate into the steels because of the dissociation from molecular hydrogen to atomic hydrogen, and induce hydrogen embrittlement. Thus far, few experiments have been conducted to determine the local paths of hydrogen diffusion in steels affected by a hydrogen gas atmosphere. With respect to the hydrogen diffusion in steels, the authors have recently shown that a hydrogen microprint technique (HMT) is adaptable to visualize hydrogen diffusion at temperatures below 120 C in a low alloy steel hydrogen charged cathodically.
13) The visualization method carried out using the HMT provides intuitive views regarding the diffusion path of hydrogen. In the present study, from a basic point of view, effects of hydrogen gas pressure and charging time on the hydrogen permeation were investigated by using the HMT in carbon steel, in which hydrogen gas charging was conducted.
Experimental Procedure
The material used in the present study was fully annealed carbon steel whose chemical composition and tensile properties at room temperature are given in Table 1 and Table 2 .
The round specimens (diameter: 23 mm; thickness: 1.6 mm) were cut from the original plate. Hydrogen diffusion tests were performed along with carrying out the HMT. Prior to the HMT, both sides of the specimen surfaces were polished using #240, #800, and #1200 SiC papers and buffed with a solution containing alumina powders (particle size: 0.3 mm and 0.05 mm). For the polished specimens, hydrogen gas charging was conducted by using the apparatus shown in Fig. 1 . Only one side of the specimen surfaces was exposed directly to gaseous hydrogen under a hydrogen pressure of 0.25, 1.0, or 5.0 MPa at room temperature. The hydrogen gas * Graduate Student, Osaka University charging time was 5 or 30 min. Before hydrogen gas charging, the rear side of the surface exposed to gaseous hydrogen was covered with a liquid nuclear emulsion (Ilford L-4, diluted by pure water, 2 times) composed of gelatin and silver bromide crystals using a wire loop method. Within 5 min after hydrogen gas charging, the specimens were dipped into formalin (40 mass% HCHO water solution) for 3 s to harden the gelatin layer and then immersed in a fixing solution (15 mass% Na 2 S 2 O 3 water solution) for 6 min to remove the silver bromide particles that had not reacted with hydrogen. During the tests, 10 mass% water solution of NaNO 2 was used to dilute the emulsion and to make the fixing solution in order to prevent any corrosion in aqueous solutions. Arrangement of the silver particles was observed with a scanning electron microscope (SEM) equipped with an energy dispersive X-ray spectrometer (EDXS).
Results
HMT images in the specimens with and without hydrogen gas charging are shown in Figs. 2 and 3. No particles were visible in the uncharged specimen; however, the distribution of white particles was clearly identified in the matrix phase in the specimens that were hydrogen charged even for 5 min under hydrogen pressures of 0.25, 1.0, and 5.0 MPa. In the specimens that were hydrogen charged for 30 min (Fig. 3) , white particles having a large diameter were partially observed as compared to in the specimens that were hydrogen charged for 5 min. All of the white particles observed were identified as silver by an EDXS analysis, as shown in Fig. 4 .
Magnified images adjacent to Al 2 O 3 inclusions are shown in Figs. 5 and 6. It was shown that silver particles were arranged at the interface between the Al 2 O 3 inclusion and the matrix phase after hydrogen gas charging for 5 min. The accumulation of the silver particles around the inclusions clearly increased when the charging time was prolonged from 5 min to 30 min as shown in Fig. 6 . However, in this case, no silver particles were identified directly on the Al 2 O 3 inclusions.
In order to estimate the difference in hydrogen diffusion behavior under different conditions, the area density of silver particles with respect to the entire observed area was measured in the SEM micrographs. The area density of silver particles was determined on the basis of four areas, which were randomly selected in order to ensure the reliability of the results. The relationship between the area density of silver particles and the hydrogen gas charging conditions is summarized in Fig. 7 . It is clear that the area density of the silver particles increased when the hydrogen gas charging time was increased. On the basis of the distribution of the observed silver particles, we roughly estimated the number of hydrogen atoms that evolved from the specimen surface by assuming that all of the silver particles observed represented the evolution of atomic hydrogen. Suppose that total area of the silver particles divided by the atomic diameter of silver represents the number of silver atoms, the number of hydrogen atoms is then the same as the number of silver atoms, according to the principle chemical reaction of the HMT, Ag Fig. 2 HMT images after hydrogen gas charging in carbon steel exposed to gaseous hydrogen for 5 min at room temperature.
evolved hydrogen and the hydrogen gas pressure is summarized in Fig. 8 . When the effects of hydrogen pressure and charging time are compared, it is obvious that hydrogen permeation is highly affected by the charging time from 5 min to 30 min rather than by the hydrogen pressure from 0 to 5 MPa at room temperature.
Discussion

Hydrogen permeation estimated by HMT
The amount of evolved hydrogen on the surface opposite from the surface exposed to gaseous hydrogen was theoretically calculated. According to Sievert's law, 14) the amount of hydrogen absorption, C 0 H is dependent on the applied hydrogen gas pressure as follows:
where C Fe represents the mass concentration of the solvent in a unit volume; S s and H s represent the entropy and enthalpy of the hydrogen dissolved in the specimen; P and T represent hydrogen gas pressure and temperature during the testing; and P 0 and R represent ambient air pressure (0.1 MPa) and the gas constant, respectively. On the basis of eq. (1), we can determine the amount of hydrogen absorbed on the surface exposed to gaseous hydrogen. In contrast, hydrogen diffusion in the specimen is generally expressed by using the following Fick's law:
where J is the mass flux per unit area and unit time; D, the diffusion coefficient; C H , the hydrogen concentration; and x, the specimen thickness. When the specimen thickness is d and the amount of hydrogen absorbed on the surface is C 0 H , eq. (2) can be expressed as follows:
The diffusion coefficient, D, is expressed as follows:
where D 0 and Q represent the frequency term and the activation energy, respectively. On the basis of eqs. (1) Fig. 3 HMT images after hydrogen gas charging in carbon steel exposed to gaseous hydrogen for 30 min at room temperature.
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Energy, E / keV (c) (d) Fig. 6 Magnified images of Fig. 3 , area adjacent to the Al 2 O 3 particle.
Thus, the number of evolved hydrogen atoms, N a , in the surface opposite from the surface exposed to gaseous hydrogen can be represented as follows:
where A and t represent the area exposed to gaseous hydrogen and the time for hydrogen gas charging. Using eq. (6), we can estimate the number of hydrogen atoms diffused to the rear side of the surface that is exposed to gaseous hydrogen by using the reported parameters 14, 15) given in Table 3 . The relationship between the amount of evolved hydrogen and the applied hydrogen gas pressure as a function of hydrogen charging time is summarized in Fig. 9 , together with the experimental data of the HMT, shown in Fig. 8 . The calculated data suggests that hydrogen atoms can diffuse to the rear side of the surface that is exposed gaseous hydrogen under the present testing conditions. However, the calculated value of the hydrogen evolution was more than 10 times as high as the experimental value determined from the HMT experiments. One reason for this difference is that, in the calculation, the effects of hydrogen trapping in the specimen were completely ignored and the test specimen was assumed not to be carbon steel but to be pure iron. Moreover, in the HMT, the total number of evolved hydrogen atoms was estimated from the area density of silver particles in limited areas, and the silver particles on the surfaces were actually three-dimensional and not two-dimensional. Ichitani 16, 17) has also pointed out, on the basis of an electrochemical hydrogen permeation method, that the detection efficiency of conventional HMT was approximately as low as 1% and that a high ratio of the evolved hydrogen atoms did not react with silver bromide. In accordance with the earlier report, 16) the present experimental data of hydrogen permeability obtained by using the HMT was approximately 2 orders of magnitude lower than the comparable calculated values. Thus, the estimation of hydrogen permeability using the HMT would be valid even in the case of the hydrogen gas charging.
The calculation based on eq. (6) also suggests that the amount of hydrogen evolution increases linearly with the charging time. However, in the case of its dependence on the hydrogen gas pressure, the amount of hydrogen evolution increases in proportion to the square root of this pressure. These theoretical expectations are partial in agreement with the qualitative result of the HMT experiments, that is, the amount of evolved hydrogen increased particularly when the charging time was increased, while the amount of evolved hydrogen remained almost unchanged in spite of an increase in the hydrogen pressures up to 5 MPa, as previously shown in Figs. 8 and 9 . It is assumed that hydrogen permeation in the present testing condition does not completely represent the diffusion under steady state, since there is inconsistency Fig. 7 Area density of silver particles vs. hydrogen gas charging conditions. Fig. 8 Relationship between the molar quantity of evolved hydrogen and the applied hydrogen gas pressure in specimens that were hydrogen charged for 5 or 30 min. between the theoretical calculation and the HMT result, as for the effect of gas pressure. It is probable that the hydrogen gas charging times up to 30 min is too short to reach the steady state diffusion since the dissociation of molecular hydrogen into atomic hydrogen on the specimen surface depends strongly on charging time and surface condition, as reported elsewhere.
16)
Interaction of hydrogen with inclusions
In the present testing conditions, hydrogen was released mainly from the matrix phase and not from the Al 2 O 3 inclusions, as shown in Figs. 5 and 6. It is reported that the diffusion coefficient of hydrogen in the carbon steels ranges from 4:2 Â 10 À9 $1:0 Â 10 À8 m 2 /s, 14, 18) while that in the Al 2 O 3 ranges from 3:4 Â 10 À46 $2:6 Â 10 À29 m 2 /s. 19) Thus, it is assumed that the low diffusivity of hydrogen in the Al 2 O 3 is closely related to the HMT result obtained in this study, in which silver particles were not visible directly on the Al 2 O 3 inclusions. Otsuka reported 20) on the basis of tritium autoradiography (TAR) that tritium was trapped on the interface between matrix phases and Al 2 O 3 inclusions in steel. In principle, TAR can detect trapped tritium that does not diffuse out to the surface; in contrast, HMT can detect diffused hydrogen. On the basis of the results of both the reported TAR 20) and the HMT obtained in the present study, we concluded that the interface between Al 2 O 3 and the matrix phase worked as the diffusion path of hydrogen as well as the reversible weak trapping site of hydrogen at room temperature.
Summary
Hydrogen permeation behavior in carbon steel exposed to gaseous hydrogen was investigated by using an HMT. The results obtained were summarized as follows: (1) The area density of the visualized hydrogen atoms increased particularly when the hydrogen gas charging time was increased. (2) The HMT result in the present testing conditions was in accord qualitatively with the theoretical calculation. (3) Preferential accumulation of the visualized hydrogen atoms was observed at the periphery of the second phase particles, Al 2 O 3 , while not observed directly on the particles.
